In the wireless power transfer system for freely moving biomedical implants, the receiving unit was generally inefficient for the reason that its design parameters including the receiving coil's dimension and receiving circuits' topology were always determined by experiments. In order to build the relationship between these parameters and the total transfer efficiency, this paper developed a novel efficiency model based on the impedance model of the coil and the circuit model of the receiving circuits. According to the design constraints, the optimal design parameters in the worst case were derived. The results indicate that the combination of the two-layered receiving coil and half-bridge rectifier has more advantages in size, efficiency and safety, which is preferred in the receiving unit. Additionally, when the load resistance increases, the optimal turn number of the receiving coil basically keeps constant and the corresponding transmitting current and total efficiency decrease. For 100 Ω load, the transmitting current and total efficiency in the worst case were measured to be 5.30 A and 1.45% respectively, which are much better than the published results. In general, our work provides an efficient method to determine the design parameters of the wireless power transfer system for freely moving biomedical implants.
Introduction
Capsule endoscope (CE) is a common biomedical implant used for the diagnosis of the gastro-intestinal (GI) diseases [1] . It can capture the images of the GI tract with its image sensor and transmit them wirelessly to the external receiving unit. Because of its miniature and wireless design, it has the advantages of no pain, no invasion and convenience. However, there are still several drawbacks limiting its clinical performance. Firstly, the resolution and frame rate of the image sensor are not high enough so that some lesions may *Corresponding author (email: liuhao@sia.cn) be missed. Secondly, image information is not sufficient for the diagnosis of some diseases and thus additional modules are required to improve its accuracy [2] . Thirdly, it can only move along the GI tract with passive peristalsis and is not able to stop, turn or go back actively, so the observation and medical procedure on the pathological areas are limited [3] . These drawbacks are mainly due to the limited power of the battery inside. When a better image sensor or an additional module is integrated, the overall power of CE would greatly increase. Then, the lifetime of the battery inside CE would be reduced and the CE cannot fully cover the GI tract.
Wireless power transfer (WPT) system based on magnetic coupling provides another solution to power the implants [4] [5] [6] . Figure 1 illustrates the diagram of the WPT system for CE, which consists of a transmitting (TX) unit and a receiving (RX) unit. At first, the TX coil is driven by a power amplifier (PA) to produce an alternative magnetic field inside the human body. Then, an alternating current (AC) voltage is induced in the RX coil due to magnetic coupling and transformed to a stable direct current (DC) voltage by the RX circuits to power the load. In this case, adequate power can be continuously transferred to the RX unit.
Compared with other implants, the WPT system for CE has several characteristics. Firstly, when a CE moves along the GI tract, the coupling coefficient between two coils and the transfer efficiency of the system are both not stable. Secondly, the TX coil should be large enough to generate a magnetic field covering the entire GI tract, while the RX coil should be small enough to be integrated into a CE. Due to the large difference of two coils in dimension, the coupling coefficient and transfer efficiency are both relatively low [7] . Thirdly, the magnetic field inside the TX coil may be so large that it would produce a risk on biological safety of human body. Fourthly, the transfer efficiency of the system is easily affected by its design parameters, including the operating frequency of the PA, the dimension, layer number, turn number, and spacing of two coils, RX circuits and so on. All these characteristics greatly increase the design difficulty of the WPT system of CE, particularly for the RX unit. In the past decade, many WPT systems for CE have been developed and the received power could be up to several hundreds of milliwatt [8] [9] [10] [11] [12] . However, the design parameters of these systems were always determined by experiments, which are time-consuming and easily disturbed by environment. In additional, if any of the design parameters needs to be changed, all the design parameters would be useless. Therefore, the method based on the efficiency model should be studied to determine the optimal design parameters of the WPT system. Currently, there are several available models to solve this Figure 1 The diagram of the WPT system for CE.
problem in the WPT system for other implants. Yang et al. [13] developed an impedance model of a tightly wound RX coil in an epi-retinal prosthesis. Jow and Ghovanloo [14] proposed an impedance model of a printed spiral coil with an iterative design method. Ramrakhyani et al. [15] studied the influence of the design parameters on the efficiency in a four-coil WPT system. However, the RX circuits, which are necessary for the load in the RX unit, were not taken into account in these models. In this paper, a novel efficiency model of the WPT system is proposed by introducing the impedance model of two coils and the circuit model of the RX circuits. Figure 2 shows the overall architecture of the WPT system. The TX unit consists of a dc power, a PA and a TX loop (i.e. a TX coil and an impedance matching network). The RX unit consists of a RX loop (i.e. a RX coil and an impedance matching network), a rectifier, a regulator and a load. The total efficiency η total of the system is the ratio of the output power of the load and the input power of the dc power, which can be expressed as:
Efficiency analysis for the WPT system
where η transmitter is the efficiency from the dc power to the TX loop, η link is the efficiency between two loops, η receiver is the efficiency from the RX loop to the load. These efficiencies will be analyzed in the following subsections.
Transmitter efficiency
Due to obvious advantages in cost, size and efficiency, class-E PA is commonly used in the TX unit of the WPT system [16] [17] [18] [19] . When the conditions of zero-voltage-switching (ZVS) and zero-derivative-switching (ZDS) are both satisfied, the theoretical efficiency of the PA can reach 100% [20] . Besides, the coupling coefficient between two coils is in the order of 10 −3 [7] , so the influence of the RX loop on the TX loop can be neglected. Considering the transmitter efficiency is close to 100% and independent of the RX loop, it will not be analyzed in this paper. Figure 3 illustrates the equivalent circuit model of the WPT system, where L 1 and r 1 are the inductance and resistance of the TX coil, L 2 and r 2 are those of the RX coil, M is the mutual inductance between two coils, C 1 and C 2 are the compensating capacitor of two coils and R eq is the equivalent resistance of the RX circuits and load. In order to improve the efficiency, the RX loop should be resonant and thus its reflected impedance Z RX_eq in the TX loop can be taken as a pure resistor. In this case, the link efficiency η link can be expressed as:
Link efficiency
(2) Figure 2 The architecture of the WPT system.
Figure 3
The equivalent circuit model of the WPT system.
Receiver efficiency
In the RX unit, a rectifier and a regulator are adopted as the RX circuits to transform the induced AC voltage to a stable DC voltage. The load resistance R load of a CE is related to its integrated functional modules. For commercial products and the capsule robot reported in ref. [3] , the operating voltage of the load is about 3 V and its power is in the range of 18 and 300 mW, so R load is in the range of 30 and 500 Ω, which is used in the following analysis. Apart from the load, the received power in the RX unit is also dissipated by the RX coil's resistance r 2 and the RX circuits, so the receiver efficiency η receiver can be expressed as:
where η recloop is the efficiency of the RX loop, η rectifier is the efficiency of the rectifier and η regulator is the efficiency of the regulator. All these efficiencies would be modeled in Section 4.
Impedance model of the RX coil
At low frequencies, the coil can be represented as a series inductor L and resistor r. When the frequency increases, current distribution in the winding will be affected by displacement current and its parasitic capacitance C cannot be neglected. The impedance model of a RX coil is shown in Figure 4 . Figure 5 shows the cross section of a RX coil, in which R r Figure 4 The impedance model of a RX coil.
Figure 5
The cross section of a RX coil.
is the radius of the coil, L r is the length of the coil, T r is the thickness of the coil, m is the layer number, n is the turn number per layer, N r is the overall turn number, p l is the spacing between two adjacent turns in the same layer, p t is the spacing between two adjacent layers, D o is the diameter of the conducting wire with the insulating coating and D i is the diameter of the wire without the coating. Considering the RX coil is tightly wound, p l and p t are assumed to be the same value, which is larger than D o . When the ratio of the length and radius of a coil is larger than 0.8, a formula can be used to calculate its self-inductance L accurately [21] , which can be expressed as:
where μ 0 is the vacuum permeability. It is indicated that L is proportional to the square of N r for the coils with the same length and radius. Moreover, a model of mutual inductance was derived by solving Neumann's integral with a series expansion technique [22] , which can be expressed as: 
where 
where N t and R t are the turn number and radius of the TX coil respectively, and d a and d l are the axial and lateral displacements between two coils respectively. At high frequencies, it's known that the resistance of a coil would greatly increase due to skin effect and proximity effect [23, 24] . According to the model in [25] , it can be expressed as:
where
where r DC is the dc resistance of the coil and σ is the conductivity of the conducting wire. In the right side of eq. (7), the second and third expressions in the bracket represent the resistance increase due to skin effect and proximity effect respectively.
The parasitic capacitance of a coil is related to the spacing between the adjacent turns and the permittivity of the insulating coating [26] . For a tightly wound multi-layered coil, a model of parasitic capacitance was derived based on Mesh theorem [13] , which can be expressed as: 
where C 0 is the parasitic capacitance between two adjacent turns, ε 0 is the vacuum permittivity and ε r is the relative permittivity of the coating.
In order to reach a high efficiency, the frequency of the WPT system has an upper bound, i.e. the self-resonant frequency (SRF) of the coil, which can be expressed as:
When the frequency reaches the SRF, the coil would act as a resistor and the total efficiency will be extremely low [13] . In order to avoid this case, the operating frequency of the WPT system should be far below the SRF of the RX coil. It can be verified that the self-inductance and parasitic capacitance of a one-layered coil are both much smaller than those of a multi-layered coil with the same turn number per layer and length, so the SRF of the former is much higher than that of the latter.
Circuit model of the RX circuits
In order to provide the load with a stable DC voltage, the combination of a rectifier and a regulator is adopted as the RX circuits. In the selection of their schemes, the efficiency and size should both be taken into account. In this case, the available rectifiers include half-bridge (HB) and full-bridge (FB) rectifiers and the available regulator is only low-dropout regulator (LDO).
The modeling of the RX circuits is carried out under the following assumptions: 1) The diode is taken as an ideal circuit component and its switching time can be neglected; 2) the voltage and current of the diodes in the rectifiers are always within the safety threshold; 3) the capacitance of the filter capacitor is large enough to stabilize the output voltage of the rectifier; 4) the RX loop is in the resonant state and its quality factor is high enough so that the current through the loop can be taken as a pure sinusoid; 5) the quiescent current of LDO is much smaller than its output current, so it can also be neglected.
The RX circuits with HB rectifier and LDO
The first scheme of the RX circuits is the combination of a HB rectifier and a LDO, as shown in Figure 6 . It consists of a RX coil, a resonant capacitor C 2 , two diodes D 1 and D 2 , a filter capacitor C f , a LDO and a load. At first, the RX coil can be equivalent to the series of an AC voltage source U 2 , an inductor L 2 and a resistor r 2 . With the coupling between two coils, U 2 =ωMI 1_hb , where I 1_hb is the current through the TX coil (i.e., transmitting current). Besides, the combination of the LDO and load can be equivalent to a resistor R LDO . Based on the assumptions above, there are always one diode in the on state and another one in the off state.
LDO is a suitable regulator for the RX unit due to its advantages of simple structure, low ripple and high efficiency. Since its quiescent current is small enough to be neglected, its input current and output current are the same. In this case, R LDO and η regulator can be expressed as: Figure 6 Circuit model of the RX circuits in the first scheme.
Besides, it is known that I in_hb is a sinusoid current and I hb_out is a constant current. According to the analysis in ref. [27] , their relationship can be expressed as:
in_hb out_hb (14) Since the RX loop is in the resonant state, the phase of U 2 and I in_hb is the same and thus the received power P hb of the RX coil can be calculated as:
The power is mainly dissipated by r 2 , R LDO and two diodes, which can be expressed as:
where U diode is the forward voltage of the diodes. According to the power dissipated by the RX circuits and load, i.e. P RX , they can be equivalent to a resistor R eq_hb as:
According to the equations above, the voltage U out_hb , receiver efficiency η receiver_hb and equivalent resistance R eq_hb in the first scheme can be derived as: 
In order to ensure the normal operation of LDO, the voltage U out_hb should be above its threshold voltage U min . So, I 1_hb should satisfy the condition as:
According to eq. (23), it is concluded that the total efficiency of the system is reversely proportional to I 1_hb , so it should be as low as possible and thus I 1_hbth is applied. In this case, the optimal efficiencies of the system can be derived as:
The RX circuits with FB rectifier and LDO
The second scheme of the RX circuits is the combination of a FB rectifier and a LDO, as shown in Figure 7 . Compared with a HB rectifier, a FB rectifier has four diodes and thus it needs a larger space. Based on the assumptions above, there are always two diodes in the on state and another two in the off state.
With the same method, the range of the transmitting current I 1_fb and the optimal efficiencies of the WPT system in the second scheme can be derived as: 
Design parameters optimization
Based on the impedance model of the RX coil and circuit model of the RX circuits, the efficiency model of the WPT system is derived and the relationship between the design parameters and the total efficiency of the WPT system is obtained. Then, according to the analysis on the design constraints and the worst-case condition, the optimal design parameters for different loads can be determined.
Design constraints
Because of the uncertainty of CE's position and orientation in the GI tract, the magnetic coupling between the TX and RX coils should be three-dimensional. It is verified that the approach of a solenoid coil as the TX coil and three orthogonal windings as the RX coil is more efficient [28] , so it is adopted in this paper. For this approach, several basic constraints are introduced in the design of the WPT system for CE according to the requirements in working environment and human safety. The first constraint is the operating frequency of the WPT system. At first, it has verified that the frequency is related to the resistance and parasitic capacitance of the coil, which would affect the total efficiency of the system. Besides, the electromagnetic (EM) field in the high frequency has a potential risk on the biological safety due to its thermal effect and stimulation action [29] . The EM compatibility with other wireless medical devices should also be considered. For these reasons, 1 MHz is adopted as the operating frequency of the WPT system, which has been successfully applied [8, 10, 28] .
The second constraint is the design parameters of the TX and RX coils, including the overall dimension, wire diameter, turn number and layer number. For the TX coil, the design parameters in ref. [8] have been verified to be safe and efficient and can cover the entire GI tract, so they are directly adopted in this paper to reduce the complexity of the optimization. The RX coil consists of three orthogonal winding, as shown in Figure 8 . Its dimension should be similar to that of the battery inside, so its overall outer diameter and length are chosen to be 10 and 13 mm, respectively [8] . As the coil is tightly wound, the spacing between the adjacent turns can be neglected. The design parameters of each winding in the RX coil are all limited by the SRF and the available wire diameter, so their maximum layer number and turn number per layer are chosen to be 3 and 300 respectively, which covers all the design parameters in the published papers.
The third constraint is the transmitting current. It is concluded that there is a minimum current with the highest total efficiency, as eq. (24) for a HB rectifier and eq. (29) for a FB rectifier. For the TX coil above, it is verified that the transmitting current should be below 7 A to ensure its biological safety [8] , which can be taken as its safety threshold.
Worst-case condition
When the design parameters of the RX coil and load resistance are all given, the optimal total efficiencies for two RX circuits are only related to M and they would increase with the increase of M. In order to ensure the normal operation of CE in the entire GI tract, the worst case with the lowest M will be studied. It is known that M depends on the relative position and orientation of two coils.
Due to the large difference between two coils' dimension, the magnetic field inside the RX coil can be assumed to be uniform and the mutual inductance M 0 between each turn of one winding in the RX coil and the TX coil is basically the same. Assuming that the winding's diameter is 7 mm and it is always in parallel with the TX coil, the variation of M 0 inside the TX coil is shown in Figure 9 . The lowest M 0 appears in the two ends of the TX coil's central axis, which is not the center of the central axis used in ref. [8] . These two positions can be taken as the worst position.
In the RX coil, three orthogonal windings are inherently complementary to each other and the power transfer at any orientation can be realized. Due to the symmetry of the TX coil, it is known that the direction of B in its central axis is always along the central axis. Then, when one winding of the RX coil is in parallel with the TX coil, this winding has a full coupling with the TX coil and the other two windings have no coupling, as illustrated in Figure 10 . In these cases, there is a case with the lowest M, which is normally the case I where the inner winding is in parallel with the TX coil. It is verified that the corresponding total efficiency is also the lowest for all the orientations [28] , so it is taken as the worst orientation.
The combination of the worst position and worst orientation can be taken as the worst case in the following analysis. Since the effects of the two windings with no coupling can be neglected, only the winding with full coupling is needed to be analyzed, which can simplify the modeling.
Optimization
Under the design constraints, the relationship between the design parameters and total efficiency of the WPT system in the worst case is built based on the efficiency model, which provides a guideline on the selection of the design parameters.
For the RX coil, the design parameters would affect its equivalent self-inductance, resistance, SRF and quality factor. In Figure 11 , the lines represent the simulated results and the markers represent the measured results. At first, these two results match well with each other, which validates the accuracy of the impedance model. Meanwhile, it is found that the self-inductance and resistance of the coil would increase with the increase of the layer number and turn number, and their increment speeds of the multi-layered coil are much higher. Besides, the SRF of the coil would reduce with the increase of the layer number and turn number. For the one-layered (L1) coil, its SRF is above 100 MHz, which is much higher than the operating frequency 1 MHz. However, for the multi-layered coil, its turn number per layer is limited by the SRF constraint. The maximum turn numbers per layer of the two-layered (L2) and three-layered (L3) coils are 134 and 107 respectively. Moreover, there is a turn number per Apart from the design parameters of the RX coil, the total efficiency of the system is also related to the load resistance and RX circuits. At first, when a CE with the basic modules is used, the load resistance is approximately 100 Ω. Besides, the PMEG2010EA Schottky diode is used in two rectifiers and TPS73633 is adopted as the LDO. When all the design parameters above are taken into the model, the corresponding optimal total efficiencies and TX current are derived, as shown in Figure 12 . At first, for any layer number and rectifier, there is always an optimal turn number per layer corresponding to the highest total efficiency. When it is below the optimal number, the total efficiency is mainly affected by M. When it is above the optimal number, the total efficiency is mainly affected by the quality factor. Besides, for any layer number, the optimal turn number per layer for a HB rectifier is always lower and the corresponding total efficiency for a HB rectifier is always higher, so a HB rectifier is preferred in the RX unit. For any rectifier, the optimal turn number per layer for a higher layer number is always lower. Additionally, the design parameters are limited by the safety threshold of the TX current. It is shown that the optimal TX currents in different cases are always within the safety threshold of 7 A.
Assuming the turn number per layer is 50 and the load resistance is 100 Ω, the characteristics of the WPT system for different combination of layer number and rectifier are listed in Table 1 . It's obvious that all the efficiencies for a HB rectifier are always higher than those for a FB rectifier. Besides, when the layer number increases, the link efficiency will increase but the receiver efficiency will decrease, which is mainly due to the rapid increase of the resistance r′. Generally speaking, the total efficiency of the system cannot be simply optimized by only increasing the turn number or layer number.
For different combinations of layer number and rectifier, the optimal turn numbers per layer and corresponding characteristics of the system are tabulated in Table 2 . Compared with those in Table 1 , the total efficiencies with the optimized design parameters are greatly improved, which is the most important significance of this paper. The total efficiency can reach the highest when a HB rectifier is adopted and the RX coil contains 2 layers and 78 turns per layer. Meanwhile, the TX current is 4.71 A, which is far below the safety threshold of 7 A and the total efficiency is 1.79%. When the modules of a CE are increased or removed, the load resistance would change, which may be in the range of 30 to 500 Ω. When the layer number and rectifier are both given, the optimal turn number per layer and corresponding characteristics of the WPT system for different loads can be solved with the same method, as illustrated in Figure 13 . At first, it is noted that the total efficiency for the combination of the two-layered coil and HB rectifier is the highest for all the loads, so it would be adopted in the RX unit. Besides, when the load resistance increases, the optimal turn number per layer for the one-layered coil would increase, and those for the two-and three-layered coils would be basically stable. Meanwhile, the total efficiency and TX current would decrease for most cases. Therefore, for a low load resistance, the TX current should be high enough to ensure the normal operation of the RX unit, which may be beyond the safety threshold of 7 A.
Experimental validation
In order to validate the usefulness of the optimization method, a WPT platform for CE was built up and the optimal design parameters for 100 Ω load were used. Figure 14 shows the WPT platform for CE, including a TX unit and a RX unit. The former consist of a power source, a signal source, an oscilloscope, a Class-E PA and a TX coil. The PA was tuned in 1 MHz to operate at the nominal condition to reach a high efficiency. A current probe was used to measure the TX current. Besides, different combinations of the receiving coils and receiving circuits in Table 2 were used in the RX unit. A 100 Ω chip resistor was used as the load. These components were all mounted on a miniature printed circuit board with the outer diameter of 10 mm. Then, the assembled CE was placed in one end of the central axis of the TX coil to operate in the worst case. The voltage of the RX circuits was measured to ensure them operate normally. In order to reach a high efficiency, the TX current should be as low as possible.
Experimental platform

Experimental results
Based on the experimental platform, the TX current and total efficiency for different combinations were measured respectively. The simulated and measured results in the worst case are shown in Table 3 . It is shown that the measured efficiencies are slightly lower than the simulated ones, which is mainly due to the following reasons. Firstly, the impedance model is built based on an ideal winding with the same turn spacing and layer spacing, which is very difficult to achieve in the experiment. Secondly, the wire's parameters, including the diameter, insulting coating's thickness and so on, may have a slight error with its nominal value, which would also affect the accuracy of the simulated result. Thirdly, the power loss in the TX unit is neglected in the theoretical model, so the simulated efficiency would be slightly higher. Fourthly, the circuit board inside the RX unit may affect the mutual inductance between two coils, which is also related to the efficiency.
Besides, it is shown that the optimal combinations derived by the simulation and experiments are the same, i.e. a twolayered coil with 78 turns per layer and a HB rectifier. For this combination, the TX current and efficiency in the worst case are measured to be 5.30 A and 1.45% respectively. Compared with the published result in [8] , the TX current is reduced from 7 to 5.30 A and the total efficiency is improved from 1% to 1.45%, which can improve its biological safety and application. In general, the optimization method in this paper is useful for determining the optimal design parameters of the WPT system for freely moving biomedical implants.
Conclusion
Based on the impedance model of the RX coil and the circuit model of the RX circuits, a novel efficiency model of the WPT system for freely moving biomedical implants is presented in this paper. According to the design constraints, the characteristics of the WPT system in the worst case are derived for different design parameters of the RX coil, rectifiers and load resistances. It is indicated that the combination of the two-layered RX coil and half-bridge rectifier has advantages in size, efficiency and safety. Besides, when the load resistance increases, the optimal turn number per layer of the two-layered RX coil is basically stable and the corresponding TX current and total efficiency would decrease. For 100 Ω load, the optimal combination of the RX unit is two-layered coil with 78 turns per layer and HB rectifier. The corresponding TX current and total efficiency were measured to be 5.30 A and 1.45% respectively. Compared with the published results, the performance of the designed WPT system is much better, which validates the significance of the optimization method in this paper. 
